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CO  CommunirAlci!  by  I.in-.u  Pnuiin.s.  J ur. _•  V. 

«=CC  <KSjJe  p.'iilaborane,  13^11.,  ic  one  of  the  boron  hydrides,  a short,  co:up«ra 
tiveiy  *'ttle  studied  series  (>f  extraordinary  compounds  for  whici;  a satis- 
factory elementary  valence  theory  is  lacking  In  1 047  we  decided  to  under 
take  new  electron  diffraction  studies  of  the  molecular  structures  The 
early  diffraction  work  and  most  of  the  theoretical  discussion  K?^  been  too 
much  influenced  (it  now  seems)  by  unfortunate  ans'ogies  to  ordinary 
valence  compounds,  and  it  had  become  reasonably  cicar  tliat  at  least  the 
old,  ethane  );Uc  structure  for  diborane  vas  incorrect  ird  tliat  a bridge 
structure  (1)  was  more  likely,  tn  the  case  of  B»H»,  also,  the  structure  from 

H H K 

V-V 
/ V VH 

(I) 


the  previous  dittraction  stuoy-  wus  ,ioi  i„  tvmykU  a£rccmcr,t  »'th  the 
appearance  of  the  photographs,  one  of  which  was  available  to  us.  The 
bridge  structure  of  diborane  has  now  been  well  established. * the  crystal 
structure  cf  decahorane  (P:cH;«)  hns  been  determined  * and  the  B»H# 
structure  has  been  determined,  both  from  the  gas  diffraction  pattern  in  the 
work  here  to  be  described4  and  from  ail  x-ray  study  of  the  crysiid  by  Diil- 
mage  and  Lipscomb.1  The  most  impressive  attempt  at  a theory  of  the 
compositions  and  structures,  however — Pitzer's  protonated  double  bond 
theory,*  which  based  the  junctures  of  all  the  boron  hydrides  on  diborane 
bridges  and  on  some  plausibly  assumed  conjugi  ion  properties  of  these 
bridges — has  been  a casualty : each  of  the  new  boron  hydride  structures  has 
shown  little  over-al!  relation  to  the  previous  ones  ana  neither  involves 
the  diborane  bridge. 

The  Structure  Determination. — The  method  used  has  been  outlined  in 
recent  reports  from  this  laboratory.7 

New  photographs  were  taken  with  samples  kindly  provided  by  Professor 
H.  I.  Schlesinger  of  the  University  of  Chicago  and  by  Doctor  I.  Shapiro 
of  the  Naval  Ordnance  Test  Station,  Pasadena.  The  camera  distance  was 
10.94  cm.  and  the  electron  wrvc-lciigth  OOflOK  A Independent  visual 
interpretations  of  the  photographs  were  made  by  two  observers  (see  Fig.  I ). 

The  radial  distribution  curves,  showing  only  two  strong  peaks,  at  1.7-*  A. 
(B — B)  and  2.77  A.  (B  B p.nd  B'  • Hj,  exclude  both  the  s’:*-ncriirc  ad- 
vocated in  the  original  study*  (II)  and  that  proposed  by  Pitr.rr*  (III): 
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IT  would  rcquie  significant  If  ■ 11  interactions  at  1.74  y/‘l  ~ *2.-4* * A.  and 
at  2 X 1.74  sin  1 .’t.-j 0 *i  - .4.22  A at  leas-  if  it  were  normally  rigid,  and  III 
a:  an  average  oft.’  X 1.71  sin  U)N°  2 *=  2.N'.’  A.  (T  tu-  original  specification 
of  III  would  s.Iso  r.Minirt  tlic  1.7-4  A.  peak  to  he  t>bviously  doubled.)  The 
radial  distribution  curves  did  not  lead  directly  to  the  structure,  mainly 
because  neither  the  relative  areas  of  the  widely*  separated  main  peaks  nor 
the  indicated  absence  of  minor  interactions  outside  them  could  be  relied 


Nevertheless,  the  radial  distribution  information  provided  a starting 
point  for  a more  detailed  analyse-  of  the  visual  curves  themselves.  This 
analysis  first  showed  that  the  observed  doubled  character  of  maximum  5-10 
requires  two  groups  of  B—  B interactions,  of  about  equal  weight,  separated 
by  0.11  -£  0.01  A.  Even  then,  the  outer  part  of  the  observed  intensity 
curve,  including  max.  {4-10,  could  not  be  reproduced  without  severely 
restricting  the  distribution  of  weights  and  distances  within  the  2.57  A. 
radial  distribution  peak,  cither  by  making  the  distribution  essentially 
continuous  (corresponding  to  severe  ‘‘tempera*  jre"  factors)  or  ir.  other 
ways  which,  given  the  B— B split,  were  fairly  obvious  Finally,  when  this 
was  done  on  the  assumption  that  the  2.57  A.  peak  was  due  mainly  to  rigid 
B • • • B interactions,  it  appeared  that  the  B — H terms  were  probably  also 
split,  by  about  0.15  A.  into  two  groups  of  about  equal  weight.  Corre- 
sponding to  this  distance  information  three  unsymmetrical  arrangements  of 
the  boron  atoms,  a puckered  five-membered  ring,  a dimethylcyclopropane- 
like arrangement,  and  an  ethylcyclopropanc-likc  arrangement,  all  actually 
rather  closely  similar,  were  found . 

Before  constructing  and  testing  actual  model?  based  on  these  arrange- 
ments of  boron  atoms  (the  theoretical  intensity  curves  already  calculated 
lacked  the  B • • • H terms),  we  decided  to  re-examine  the  tetragonal  pyramid 
arrangement,  which  had  been  considered  but  rejected  in  the  original  dif- 
fraction study,  had  more  recently  been  further  advocated  by  Pauling,* 
and,  unlike  our  unsymmetricol  arrangements,  was  in  agreement  with  re 
cent  indications  of  high  symmetry  from  spectroscopic*  and  calorimetric10 
data.  The  2.57  A.  peak  now  had  to  be  attributed  mainly  to  B - ■ • H rather 
than  14  B interactions,  contrary  to  our  previous  assumption, 1 1 but  with 
the  help  of  the  previous  analysis  a suitable  disposition  <>f  hydrogen  atoms 
v/as  readily  found  (Fig.  2)  and  all  others  of  full  symmetry  ''C*. ' were  ten 
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Electron  diffraction  curves  The  theorvfkal  intensity  curves  urc  for  the  following 
pyramidal  models: 


Cl'ftVM 

H - 

•H»«  /H-  H.. 

It  H split 

II  -II  spite 

< Ri BiBi 

'ttt»04l  ddudri 

A 

1 

.275/1  740 

0 1150 

0 150 

90“ 

180* 

B 

1 

276  '1 

745 

0 110 

0 ISO 

90“ 

180* 

C 

1 

276/ 1 740 

0 100 

o oso 

110  * 

180* 

D 

1 

276/1 

740 

0 100 

0 260 

■M)' 

180  * 

E 

1 

225/1  740 

O 100 

(1  ISO 

90* 

; wi  ° 

F 

1 

336, 1 740 

o loo 

0 150 

90“ 

180' 

G 

1 

273/1  740 

0 100 

o iso 

113* 

180' 

II 

1 

* 

270/ 1 740 

0 100 

0.160 

115* 

190* 

1 

1 

27.V1  740 

0 100 

0 ISO 

125* 

HM* 

f 

! 


i 

I 


! 


I 

I 


I 

! 

i 


i 

! 

I 

1 

i 

\ 

i 


4iK?  '*.'//•  If'M  : . mir'Sf,'  :n%  •(.;<  \ \f)  SC/tOMA  K Eft  Pic  or  \*  A.:*  < 

tat*vrly  chmintcd  I\‘w  ;ie**v  structure.  witli  :lie  Ht  Hj  htk!  fl3  - Ha  I 

distances  the  logger  i!  th*  u n*$|K*ilivr  vcmcd  j.huisible  and  met  * 

wMh  mmediate  ruircexs 

All  except  .»•  1!  term*  w,  , r mrliuUd  } r*  the  thewtr*:**  iiitriixily  curve.;.  The 

corfucifhls  a,,  of  . Mijfiit'.ii-  f *xXnrs  *-xp(  n,,q9)  were  takm  a*«0PP01t>  for  lh  -H* 

auvS  lit  »m,  U!.*CC»  (or  Hj  »i|  (iixXfti)  fm  |<  il.  aim  zero  wIhtwisc,  ai  for 

r.inc,’*  nti<l  l lie  cfTri*.,e  * due  * AO  was  um<!  : *r  ✓.«  (if  election  tf  ^urv« sImwii 
hi  Fie  1.(7,  it,  and  l i*r.  .■  , A ti.  ;«■»  I C »r4  dtmbtlul.  and  P%  E,  and  A*  arc  un 

acceptable  Important  items  for  these  com  n u*r  - arc*  ih**  depth  of  min  4,  the  shape 

double?  A.\  the  ictativc  inn  nsiiu  f untimni  i 7.  X.  .»wf  9.  the  sharK  ;f  max  7- 
mtn  and  the  po  :cion  and  \t,  .or  v5fn:l:!e;  1*  •*«'  **or  the  be*.;  cat  vrs.  the  only  point 
of  substantial  dis*iK?ct*n»  t if  couct*M.n  thr  heights  of  sire  fir.t  three  main  maxima  it  is 
almost  inconsequential  for  the  purirnrtcr  determination  and  probably  uriscs  from  an 

underestimate,  such  as  could  be  expected.  of  the  height  of  the  broad  inner  max  1*2  j 

In  terms  i>f  H l!,,.  =»  1.740  A.  the  best  slia|>e  parameter  values  und 
estimated  limits  of  error,  together  with  the  ranges  for  which  intensity 
curves  were  calculated,  arc:  R H„  . I 2 P-8  ± 0.044  A.  (1.22  1.35  A ); 

D — II, pm,  0. 125X0.G90  A.  (0.0 5-0.35  A.i;  B — n,pm,  0.103  * 0.010  A.  f 

(0.00 -0.12  A.);  Z 13,  IV- H,.  120  ± 20°  (83-123°) ; and  external  dihedral 
angle  BiBiBi-BiBtHi,  187  ± 10J  (105-200°),  all  for  the  assumed  C«,  sym- 
metry. These  values  and  the  values  of  /$„!>..)»».  (sec  table 
1 foi  on  example)  lead  to  the  following  results  for  the  bond  lengths: 

B,— Bt,  1.700  .-r  0.017  A.;  B,-  B,.  1.805  ± 0.014  A.;  F,— H,  and  Br-  H,. 

1.234  4-  0.066  A.  (H,— H,  - Br~H,  assumed) ; and  Br-H,,  1.339  ± 0.077  A.  , 

The  limits  of  error  art  conservative  except  that  no  allowance  has  been  made  for  the 
possible  effects  on  the  angle  determinations  of  our  rough  assumption  that  the  previt*'* 
guess  for  <tt  h in  diborapr  should  apply  to  ltiU,,  for  all  the  different  B-  • ■ H teims.  , 

The  concentration  of  all  the  B • H distanns  within  the  2.57  A.  p^i  makes  the  ques- 
tion of  interaction  between  temperature  factor  and  distance  parameters  more  serious 
than  usual,  but  the  boron  parameters  and  probably  the  B — H distances  should  not  be 
much  affected,  since  they  at  - determined  Isi.tly  by  the  outer  part  of  the  pattern,  where 
the  B • -H  contribution  is  in  any  case  uu  1 1 It  may  be  noted  that  the  crystal*  and  gas 

values  for  the  bond  angles  and  bond  length*  In  B Ji,  are  In  good  agreement  except  for  the  I 

B -B  lengths,  for  which  the  crystal  values  (l.flfl  ± 0.112  A aid  1.77  ± 0.02  A.)are 

shorter  than  ours  by  possibly  signhicant  amounts  compared  to  the  limits  of  error.  Our 

B — B lengths,  however,  re  In  good  agreement  with  the  preliminary  results  l.(W  A and 

1 80  A.  of  a recent  microwave  Investigation."  from  which  none  ot  the  other  parameter 

values  have  yet  been  reported . 

The  x-ray  confirmation  of  the  structure  type,  which  was  communicated  to 
us  during  nur  parameter  determination,  made  unnecessary  any  further 
study  of  other  possibilities,  including  the  unsymmetrical  ones  described 

above.  The  high  over-all  symmetry  and  especially  the  C„  skeletal  sym-  | 

metry  have  also  been  confirmed  by  the  microwave  investigation  " 

Discussion. — The  B»H|  structure  has  high  ligancies,  two  for  the  bridge 
hydrogen  atoms,  five  for  tin  apical  boron  atom,  and  six  for  the  basal  boron 
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atoms.  in  agreement  with  the  principle11  that  electron  deficiency  gives  rise 
to  structures  showing  ligancies  in  excess  of  the  respective  numbers  o!  <nii>- 
e.bie  atomic  orbitals  For  the  count  of  ligands,  we  take  the  direct  B — B 
interaction  of  a bridge  bond  as  hooding,  although  the  related  U - • L5  inter - 
aetior.  in  diboranc  is  of'":  regarded  as  not  'mnding  We  believe  our  aoSav  ; 
tion  is  the  more  likely  one  in  view  of  the  eompaiativcly  short  B — B 
distance.  It  ai0'  makes  the  ligancies  ot  hydrogen  and  boron  in  the  boron 
hydrides  and  other  high-ligaucy  compounds  of  boron  more  uniformly 
consistent  with  th  • high-ligancy  principle,  and  is  the  natural  assumption 
to  make  if  these  compounds  are  to  be  rein'  td  *-  ordinary  covalent  cnmjiounds 
in  terms  of  resonance,  following  Balding's  discussion  of  the  metals.’*  Paul- 
ing’s relation  rm  »*  rt  — (1.300  logio  « yields  an  attractive  con  elation  of  the 
actually  very  widely  varying  bond  distances,1*  as  well  as  inferences  about 
certain  other  aspect,  if  tlie  structures.  For  example,  the  boron  radius 
which  would  be  exactly  compatible  with 
the  bond  distances  of  our  preliminary 
repo"t  for  B,H.  is  0 705  K ;r.  excellent 
agreement  with  the  average  0.794  A.  ob- 
tained from  all  these  compounds. 

The  basal  boron  atoms  of  BtH,  and 
the  apical  boron  atoms  of  B,0Hu  form 
just  the  same  set  of  bonds;  similarly, 
the  apical  boron  atoms  of  B,H*  resemble 
the  boron  atoms  of  the  calcium  boride 
structure  in  an  octahedron  arrangement 
except  for  replacement  of  external  B by 
H.  As  King  and  Lipscomb  pointed 
out,1*  moreover,  the  whole  B*H»  struc- 
ture is  related  to  the  calcium  boride 
structure  in  almost  precisely  the  same  way  as  the  stru  ture  is 

related  to  the  boron  carbide  structure.17  \Ve  may  add  that  tr  basal 
boron  atoms  of  B»Hi  and  all  the  boron  atoms  of  droaborane,  as  well  «•» 
the  boron  atoms  of  lioron  carbide  and  the  icosahedron  atoms  of  ele- 
mentary boron  (in  the  modification  of  known  structure’*),  all  have  six 
ligands  in  the  icosahedron  arrangement,  with  bond  angles  approximating 
the  ideal  values  of  60°,  108°,  and  121  */«°  about  as  well  as  would  seem  pos- 
sible under  the  constraints  imposed  by  differing  bond  lengths  and  incompat- 
ible over-all  symmetries.”  Accordingly,  it  seems  reasonable  to  suggest 
that  these  structures  all  reflect  a strong  tendency  for  sexilignted  boron  to 
adopt  approximately  the  ideal  icosahedron  arrangement. 

The  occurrence  of  the  icosahedron  and  octahedron  arrangements  is 
remarkable  because  they  are  uotably  anisotropic,  in  violation  of  what 
might  lie  expected  to  result  from  the  spl  (and  *£■*,  for  the  hydrides)  hybrid 
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FIGURE  l. 
The  B,H*  structure 
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orbitals  on  » Inch  *h  ■ bonding  is  presumably  mainly  based  and  because 
ibrre  is  solely  i.v>  lac!:  ' ! more  cotivci,,>oi:a'.  alternatives.  i-or  elementary 
bon  o . lor  'amnp1  , »■  binary  octahedral  rondum * m in  the  simple  cubic 
structure  would  seem  suitable,  espec  ially  in  view  of  its  Ht'jwm  occnyrei  i'-c 
in  conipisA  structures  for  othei  atom-,  which  are  re.-a-.Jeel  a-:  f ruitin'  vtx 
lialfdx.nds.50  To  l>c  sure,  the  icosahedron  and  oc  tahedron  arrangement 
would  seem  less  anisotropic  if  the  external  bonds  were  stronger  than  the 
internal  bonds,  ns  indeed  is  the  general  indication  for  HtH»  and  rlecnborane. 
for  tlie  basal  Iwnjn  atoms  of  11, Hi,  lor  example,  ‘he  bridge  U H,  bridge 
B — B,  and  slant  B — B laands  have  tlx  respective  Pauling  bond  numbers 
0.4b,  0. do,  and  O.tiT,  with  a total  of  2.49,  or  only  about  three  times  the  bond 
number  0.77  of  the  B— H external  bond.11  Bui  lor  'not. at  Caibicie,  cle- 
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mentary  Ix»ron,  and  calcium  boride  tliere  is  no  detinue  indication  one  way 
or  the  other.  Altogether,  a proper  understanding  of  the  details  of  the 
bonding  is  lacking. 

Nevertheless,  it  seems  unlikely  that  the  immediate  bond  arrangement  in 
these  structures  is  superior.  Instead,  the  essential  point  may  be  that  they 
allow  p_n  increase  in  ligancy  without  a corresponding  increase  (or  even  with 
a decrease)  in  the  number  and  severity  of  close  non-bond  interactions: 
compare,  for  example,  the  joined  icosahedron  unit  of  the  boron  and  boron 
carbide  structures  with  the  simple  cubic  structure  In  the  latter,  each 
atom  has  twelve  next-nearest  neighbors  related  to  it  by  90°  bond  angles, 
whereas  die  icosahedron  atom  has  only  five  internal  next-nearest  neighbors 
at  108°  and  five  external  next-nearest  neighbors  »t  122°.  This  strongly 
suggests  that  the  next-nearest  interactions  are  repulsive  and  important 
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and  that  the  high  digam  y principle  should  be  tr  vised  to  s»,  that  {!■■  high 
•iganvii , tenu  >.u  in  achieved  in  su»h  a <s  U>  vvmn.u.r  th-e  mimbcis  a-id 
rn«xin’i/.i-  ; lie  distances  of  next  nearest  neighbors,  even  if  the  resulting  bond 
urr..,H.  nieius  woiil-'  ap|>eui  by  vf-utdards  of  nnbnarv  covalr.ncc  to  In-  i::t 
duly  sf iiunvti  it  < ...  also  ao-ount  for  the  lack-  of  apparent  extra  :'.trci.<t!i 
>)f  t!n  external  bonds  where  'm  ootahedra  or  two  icosahedr.i  art  joined 
for  the  icosahedron,  again,  tarn  external  bond  would  be  opp<  sed  princi 
pally  b>  ten  next  nearest  interactions  at  122"  and  ten  sc*-i.>wl nearest  in 
teractions  (assuming  tile  staggered  orientation  oi  groups  about  tin  external 
bond)  of  the  type 

H I» 

\ / 

» D . 

whereas  eech  internal  bond  is  opposed  (a  full  counting  shows)  by  only  one 
internal  next-nearest  interaction  at  )0S~,  two  external  next-nearest  interac- 
tions at  122°,  and  one  external  interaction  of  the  type 

B B 

^ / 

B— -B 

in  the  opposed  orientation.  Tile  present  situation  is  evidently  related  to 
the  cases  of  cyclopropane  and  cyclobutane,51  where  the  energy  und  C — C 
bond  length  in  cyclobtituiie  arc  botli  greater  than  normal,  apparently 
l)ccausc  of  cross  ring  repulsion,  while  in  cyclopropane,  in  which  the  repul- 
sion is  avoided  by  formation  of  the  Lhrce-nieinbered  ring,  the  bond  length 
is  less  than  norma'  and  the  energy  still  greater  than  normal,  both  apparently 
in  consequence  of  the  angle  strain.  In  the  liiglt-ligaucv  boron  compounds 
the  relationships  arc  no  doubt  different,  especially  becau:ie  of  the  compli- 
cated resonance  situation;  nevertheless,  the  importance  of  next-nearest 
neighbor  repulsions  seems  to  be  verified  and  there  is  the  additional  indica- 
tion that  angle-strain  shortening  ot  the  internal  bonds  inay  also  occur. 
For  the  calcium  boride  structure,  of  couise,  the  role  of  (lie  metal  atoms 
has  also  to  be  considered. 

We  should  like  to  express  our  thanks  to  Professor  Pauling  for  his  con- 
tinued helpful  interest  in  the  investigation. 
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leticai  rurve  mentioned  the  hydrogen  terms  were  neither  Based  on  an  actual  tnod-l  nor 

complete  The  complete  curve  w«s  no  longer  promising;  the  original  curve,  lacking  I 

the  H— B split,  of  course  never  was  a good  fit  to  the  outer  part  of  the  pattern.)  I 

u Hroatowski,  H.  J..  Mvers,  H.  J..  and  Pimentel,  G.  C . J.  Chem  Pkys.,  20,  MR 
(1052)  . 

" ‘•'■•h'f-iaiet,  Y„  J.  r'nim.  Pkys  , *0,  202  ( 1646).  , 

" Pauling.  L . J.  Am  Chem.  Soc.  60,  542  ( 1047) 

**  ftsdbrrg.  K . //«!.,  in  publication 

Private  communication;  see  references  4 and  5 
" Clark  .1.  K...  and  Hourd.  J.  L.,  J.  Am.  Chem.  Soc  , 09, 21 15  ( 1043);  Zoiianov,  G.  S., 
anil  Sevoat'yanov,  N.  G..  Cm^pt.  rend.  acad.  set.  U.  S.  S.  /?.,  32,  432  (1041 ). 

“ Hoard,  J.  L . Geller,  8 . and  Hugh-:.  R.  E , J.  Am.  Chem  Soc..  73,  1802  (1951) 

H Our  values  for  BiH«  are  ^B^B,  - 58*.  ZE»B|H,  - 48'/.*.  and  ZH,B,H,  - 
113°;  /B,B,H,  - 106*.  afB,B,H,  - 113",  and  B,B,B,  - 00“;  and  Z.  K,B,B,  - 120*. 

^H,B,B,  — 1 34°,  and  ^HtBiHi  — 108*.  Here  the  four-njembered  ring,  the  differences  * 

of  B — H (bridge)  and  B — B Ixxid  lengths,  and  the  evident  need  for  large  idHtBtHi  to 
provide  a tcasonahly  long  Hi  - • - Hi  distance,  which  we  presume  to  be  non-bonding,  are 
obviously  serious  constraints;  nevertheless,  the  average  external  angle  is  121*,  In  sur- 
prising agreement  with  the  Ideal  value.  Alee,  our  value  120*  for  <£B|BiHi  approxl-  t 

rrutcly  equalize*  the  external  angles,  and  the  smaller,  crystal  value  of  1 16°,  which  h y the 

quoted  de6*  limit  of  error  is  considerably  more  rciltble  than  ours,  equalizes  the  apparent  j 

strains  very  well  indeed. 

••Run.:'*.  R E.  J Am  Chem  See  . 69,  1327  ( 1047). 

11  Dunitr.  J.  D .and  Schotuaker,  V.,  submitted  for  publication  In  the  Journal  of  Chem - l 

teal  Physics. 


i 


